Abstract: We present and interpret the results of Global Positioning System (GPS) measurements at 35 stations in and beside the Zagros Mountain belt, SW Iran, for three campaigns ending March 1998, December 1999 and June 2001. Preliminary motion estimates show clearly the change in character along the strike of the belt. Stations to the SE move at 13-22 AE 3 mm a À1 towards N 7 AE 58E with respect to Eurasia. Most of the shortening indicated by the GPS velocities seems to occur in the SE Zagros along two major seismic zones and along the Zagros front. To the NW, stations move oblique to the trend of the belt towards N 12 AE 88W, at 14-19 AE 3 mm a À1 . Most of the shortening in the NW Zagros seems to occur along the Mountain Front Fault with its major earthquakes as well as along the Zagros front. The change in direction and magnitude of the velocity vectors across the north-south-trending Kazerun and Karebas faults involves extension of up to 4 mm a À1 along the strike of the Zagros belt. 
Various workers have determined the rate and direction of convergence between Arabia and Eurasia across Iran (which includes the Zagros) by summing the rotational vectors of pertinent plate motions (Le Pichon 1968; McKenzie 1972) . Their results show nearly north-south convergence at a rate of 43-48 mm a À1 . Using spreading rates, transform fault azimuths and earthquake slip vectors, DeMets et al. (1990) calculated a northsouth convergence rate of about 31 mm a À1 at 308N, 51.58E. Jackson & McKenzie (1984) added movement vectors for central Iran relative to Eurasia to those of Arabia relative to Eurasia to locate the Arabia-central Iran pole of rotation near 34.58N, 39.88E. They estimated that the Arabian plate is moving NE relative to central Iran at a rate of 0.958 Ma À1 . This is equivalent to about 10 mm a À1 in the NW Zagros and 26 mm a À1 in the SE Zagros further from the pole of rotation.
The rate of active orogenic processes anywhere was first constrained in the SW Zagros region by Lees & Falcon (1952) . They showed that a canal bed about 1700 years old was deepened 12 ft (4 m) to take account of the slow rise of the Shaur anticline. This can be interpreted to imply an anticlinal uplift rate of about 2.3 mm a À1 . Falcon (1974) then inferred that the regional uplift represented by 'geo-flexure' implied that the Zagros had risen at a minimum rate of 1 mm a À1 since the early Pliocene. Some of the first 14 C dates were applied to uplifted marine terraces along the Persian Gulf coast and indicated that the flanks of frontal anticlines in the Zagros rose episodically at rates of 0.7 mm a À1 for about 7000 years (Vita-Finzi 1979 , after the eustatic factor of Clark et al. is taken into account). This was interpreted to imply a long-term average rate of northeastward frontal shortening of about 6.8 mm a À1 (Vita-Finzi 1979) , close to the cumulative average propagation rate of about 10 mm a À1 of the Zagros front since the Eocene (Hessami et al. 2001a ).
Modern seismicity also shows active crustal shortening across the Zagros plate boundary (see Fig. 2 ). The shortening rate estimated from the seismic moments of earthquakes is only 1-2 mm a À1 (Shoja-Taheri & Niazi 1981; Jackson & McKenzie 1988) , which is a minimum because aseismic deformation is not included in the calculations. The present crustal shortening associated with the convergence between Arabia and Eurasia is clearly shown in recent Global Positioning System (GPS) results spanning Iran (Nilforoushan et al. 2003; Vernant et al. 2004) . These velocity estimates show that Arabia moves at 21-25 mm a À1 north relative to Eurasia. However, deformation is distributed differently over several active deformation zones. Using a few stations located in the Zagros, Nilforoushan et al. (2003) and Vernant et al. (2004) showed that the rate of shortening increases from 4 AE 2 mm a À1 in the NW to 9 AE 2 mm a À1 in the SE Zagros. In a separate work, Tatar et al. (2002) installed a GPS network to measure the shortening and strain rates in the central Zagros. They presented two campaigns of GPS measurements that indicate a shortening rate of about 10 mm a À1 in the central Zagros. This paper specifically addresses the question of present crustal movement across and along the Zagros mountain belt. Previous studies on GPS results in Iran covered either a smaller area of the Zagros (Tatar et al. 2002) or the whole country (Nilforoushan et al. 2003; Vernant et al. 2004 ) but at much lower density than our network. We present the results of three campaigns of GPS measurements for the period February 1998 to June 2001 at 35 stations in and beside the Zagros (Fig. 1) . The main objective of this study is to determine how the continuing convergence between Arabia and central Iran (Asia) is accommodated within the Zagros belt.
Geological setting
The late Cretaceous-early Miocene closure of Neo-Tethys between Arabia and Eurasia led to underthrusting of continental margin sediments along the Main Zagros Reverse Fault during the early stages of collision (Stöcklin 1974; Stoneley 1981) (Fig.  1) . During the subsequent continental convergence, the Zagros deformation front migrated southwestward and has driven the foreland basin in front of it to its present position along the Persian Gulf and in Mesopotamia (Falcon 1974; Hessami et al. 2001b) . The current plate margin (the Zagros deformation front) can be defined by seismogenic thrusts in the basement, which underlie folds in the sedimentary cover representing mainly thinskinned shortening above the basement (Falcon 1974) .
The Zagros is divided into two distinct along-strike blocks by the north-south-trending Kazerun Fault (Fig. 1) . West of the Kazerun Fault, the Zagros Simply Folded Zone is a high-taper wedge (c. 28) above a high-friction contact between the Phanerozoic cover and its Precambrian basement, whereas to the east the taper is lower (,18) and pierced by diapirs of Hormuz salt that lubricate the sole of the wedge (Talbot & Alavi 1996) . The Zagros has since been subdivided into other blocks bounded by north-south basement faults with or without basal detachments along the Hormuz salt (Bahroudi & Koyi 2003) .
Most focal mechanism solutions of earthquakes in the Zagros region indicate the presence of active reverse faults in the uppermost part of the Arabian basement, beneath the Hormuz Salt Formation (Jackson & McKenzie 1984; Ni & Barazangi 1986) . The active Mountain Front Fault is considered to be a major seismogenic reverse fault in the Zagros basement (Berberian 1995) (Fig. 2) . NW of the Kazerun Fault, most moderate to large earthquakes occur near the Mountain Front Fault, whereas to the SE the same structure has lower seismic activity. Active basement thrusting SE of the Kazerun Fault occurs about 100 km behind the Mountain Front Fault.
GPS measurements and analysis
A GPS network consisting of 35 stations was installed in 1998 to study deformation in the Zagros Mountains (Fig. 1) The GPS data were processed using GAMIT, version 10.05 (King & Bock 2001 ) and GLOBK, version 10.0 (Herring 2001) software. GAMIT's automatic data cleaning routines were used to flag or correct cycle slips and remove poorly fitting data prior to the least-squares solution of double difference equations. The cleaned data were then processed in a GAMIT least-squares solution with full station coordinate and satellite orbit estimation using the ionosphere-free linear combination. We included observations of 4-6 IGS (International GNSS Service) stations with their positions and velocities in ITRF2000 (Altamimi et al. 2002) to tie our local data to the global reference frame (ITRF2000).
We solved for station coordinates, satellite state vectors, six tropospheric zenith delay parameters per site and day, and phase ambiguities using doubly differenced GPS phase measurements. We also used IGS final orbits, IERS (International Earth Rotation Service) Earth rotation parameters (EOP), and, following the tables recommended by the IGS (Rothacher & Mader 1996) , we applied azimuth-and elevation-dependent antenna phase centre models. Finally, fixing phase ambiguities to integer values was attempted where possible.
The loosely constrained estimates of station coordinates and orbits and their covariances from each day were used as quasi-observations in a Kalman filter to estimate a consistent set of coordinates and velocities. We combined our daily solutions with SOPAC (Scripps Orbit and Permanent Array Center) daily solutions (available at http://lox.ucsd.edu). We also applied generalized constraints (Dong et al. 1998 ) while estimating a six-parameter transformation (six components of the rate of change of translation and rotation).
To define a reference frame for our velocity estimates, we followed the strategy described by McClusky et al. (2000) and defined a Eurasian frame by minimizing the horizontal velocities of 16 IGS stations located in the stable Eurasian plate (Table 1) . However, for our final solution, the monthly averages of global solutions were used from the beginning of 1998 to the end of our survey in 2001. The root-mean-square (r.m.s.) departure of the velocities of the 16 IGS stations was less than 1 mm a À1 after transformation. to take into account the coloured noise and to deal with possible monument instability (Langbein & Johnson 1997) . Figure 3 shows the detrended residual series for two sampled stations and indicates how well the long- Station velocities and their uncertainties are given in mm a À1 . The Eurasian frame was determined by minimizing the horizontal velocity adjustments of the 16 stations given at the end of the table. A priori velocities for these stations were set to zero except for POL2 and KIT3 (a priori velocity of 2 mm a À1 north and 0.5 mm a À1 east). *1ó uncertainties. † Correlation coefficient between the east and north uncertainties. Arabian-fixed velocities were estimated using the Euler vector published by Vernant et al. 2004 . However, the uncertainties are the same for Arabia-fixed velocities.
term repeatabilities of the three surveys are aligned. We found normalized and weighted r.m.s. scatters to be less than 3 mm for these surveys. Figure 4 shows the velocity vectors for the Zagros GPS stations averaged over the 40 months of three campaigns in a Eurasiafixed reference frame (see also Table 1 ). Figure 4 discloses two areas of movement within the Zagros belt. East of the Kazerun Fault, stations moved between 13 and 22 mm a À1 towards N 7 AE 58E. West of the Kazerun Fault, stations moved towards N 12 AE 88W at 14-19 mm a À1 . To emphasize internal Zagros deformation, we also estimated velocities in an Arabia-fixed reference frame (Fig. 5) using the Arabia-Eurasia Euler vector (27.9 AE 0.58N, 19.5 AE 1.48E, 1.41 AE 0.18 Ma À1 ) calculated by Vernant et al. (2004) . East of the Kazerun Fault the velocity vectors move SSW (AE108 from S 108W) at rates that range from 2 to 13 mm a À1 (Fig. 5 and Table  1 ). West of the Kazerun Fault, stations moved towards S 35 AE 108W at 3-9 mm a À1 ( Fig. 5 and Table 1 O m a n S e a O m a n S e a P e r s i a n O m a n S e a P e r s i a n G u l f O m a n S e a P e r s i a n G u l f Vernant et al. (2004) to show the present-day shortening in the Zagros (i.e. the northern margin of Arabia). The very small velocities (at the level of our 3 mm a À1 error estimates) of the stations close to the Persian Gulf suggest that shortening diminishes southwestwards in the Zagros foldthrust belt.
Results
Most of the stations (3427, 3435, 3437, 3457 and 3084 in Figs  1 and 5 ) just behind the deformation front moved more slowly than those further behind (i.e. 3095, 3142 and 3157), indicating that some shortening occurs by folding or faulting within the SE Zagros belt as well as along the Zagros front (Fig. 5) . This shortening occurs along the zone where major earthquakes are indicated in the SE Zagros (Fig. 2) . Shortening is slower both in front of and behind this seismic zone. However, two stations (2943 and 2951) behind the Main Zagros Reverse Fault moved about 3-4 mm a À1 faster than the average rate (9 mm a À1 ) for the stations (101, 233, 3165 and 3387 in Figs 1 and 5) in front of the Main Zagros Reverse Fault. The 3-4 mm a À1 differences suggest that the southeastern segment of the old suture zone (Main Zagros Reverse Fault) is still active.
The 2-3 mm a À1 difference between the velocities of BAHR on stable Arabia and stations 2574, 3062, 3077, and 3457 (Figs 1 and 5) is probably accommodated along the Zagros front and implies that any shortening is negligible in that sector.
Velocity vectors in Figure 5 imply that the Kazerun Fault and other strike-slip faults east of it (such as the Karebas Fault) are right-lateral with oblique normal slip at up to 4-5 mm a À1 , in agreement with focal mechanism solutions of earthquakes along the Kazerun and Karebas fault zones (Talebian & Jackson 2004 ).
Discussion
The dense velocity field obtained from three campaigns of GPS measurements along the Zagros Mountains shows clearly for the first time the change in character across the Kazerun Fault. East of the Kazerun Fault, the velocity vectors have roughly a northsouth direction, and, on average, are nearly perpendicular to the arcuate trend of the geological structures. However, west of the Kazerun Fault the velocity vectors are oblique to the linear trend of the mountain belt (Fig. 4) . The general NW to SE increase in velocity along the entire Zagros belt can be attributed to the anticlockwise rotation of Arabia relative to Eurasia around small circles concentric about the rotation pole at 27.98N, 19.58E (Fig.  5 and Table 1 ). The component of deformation that results from the change in direction of the velocity vectors across the Kazerun and Karebas faults involves extension parallel to the strike of the belt (Fig. 4) . This extension, at a rate of up to 4 mm a À1 , is due largely to the Kazerun and Karebas strike-slip faults rotating about vertical axes. Other studies have also suggested that alongstrike extension east of the Kazerun Fault is an important element in the Zagros tectonics (Baker et al. 1993; Hessami et al. 2001a; Talebian & Jackson 2004) . The extension parallel to the strike of the belt implies that the deformation caused by relative motion between Arabia and central Iran is not accommodated by simple across-strike shortening and thickening.
The velocity field in Figure 5 correlates well with the seismicity (see Fig. 2 ). That is, west of the Kazerun Fault the largest shortening indicated by the GPS velocities seems to occur along the Mountain Front Fault, whereas SE of the Kazerun Fault most of the shortening occurs about 100 km north of the Mountain Front Fault. In addition, there is clear shortening across the southeastern segments of the Main Zagros Reverse Fault. These zones correspond closely to the areas where the seismicity is concentrated. Comparison of velocities deduced from GPS measurements in the SE Zagros with shortening rates of 1-2 mm a À1 calculated from summing seismic moments (Shoja-Taheri & Niazi 1981; Jackson & McKenzie 1988) implies that as little as 15-20% of the total shortening (9 AE 3 mm a À1 ) across the Zagros is accommodated seismically on basement faults. This may suggest that most of the continuing deformation within the SE Zagros is accommodated by aseismic extension parallel to the strike as well as by aseismic shortening perpendicular to the belt. However, a second explanation for the discrepant 7-8 mm a À1 is that it is taken up by elastic strain currently accumulating on both sides of the faults during a continuing inter-seismic period.
Comparison of our GPS velocities with results for some of the stations in the network used by Tatar et al. (2002) shows large discrepancies of about 6 mm a À1 in velocity vectors. We attribute these differences to our time spans being longer (40 v. 24 months), over more campaigns (three versus two campaigns) and, to some extent, to our slightly different set of fixed IGS stations. In fact, Tatar et al. (2002) selected one non-fixed Eurasian IGS station (their MATE IGS station is moving 1.67 mm a À1 eastward and 4.31 mm a À1 northward (see McClusky et al. 2003) ) for realization of their reference frame. However, there are small mean differences of about 2 mm a À1 in both north and east velocities between our velocity vectors and a few of the stations in the network used by Vernant et al. (2004) .
Conclusion
GPS measurements and analyses of the 1998, 1999 and 2001 campaigns indicate that the current rate of shortening across the SE Zagros is about 9 AE 3 mm a À1 , whereas in the NW Zagros it is about 5 AE 3 mm a À1 . This is consistent with the previous results published by Vernant et al. (2004) . The GPS velocities also indicate that shortening is not distributed homogeneously either along or across the belt. In the NW Zagros (west of the Kazerun Fault) shortening is accommodated mainly along the Mountain Front Fault, where most of the major earthquakes occur, and along the Zagros front. East of the Kazerun Fault, however, fastest shortening seems to occur along a zone of active thrusting within the SE Zagros and along the old suture zone (Main Zagros Reverse Fault), both areas where seismicity is concentrated. The along-strike extension of the Zagros belt across the Kazerun and Karebas faults implies that the deformation in this mountain belt is not accommodated by simple acrossstrike shortening and thickening.
